The HR 


Hertzsprung-Russell Diagram 
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Most (>90%) stars lie 
on the “main sequence”. 
A few stars are cool and 
extremely bright, so, by 
L = 4 m R? o T, they 
must be extremely large. 
A few stars are hot, but 
extremely faint, so they 
must be very small. 





The HR 
Diagram 


Most (79095) stars lie 
on the “main 
sequence". (But most 
stars you know are 
giant stars.) You can 
see them much 
further away! 


$ P Cygni 


@ Zeta Puppis ® iota-one 
Mex Scorpii 
zn . 
. me ONDE (9 Aho Cassiopeiae 
‘ * Dene 
ONE MILLION ei 
PAPER YEARS 
“Orr ^ np di 
è èe X QGOcita Orionis 
eet Jer iba 
SOLAR oè e o J1O0MILLION 
MASSES e° YEARS 


3 (9 Spica 
* 


Polaris ®© 


€ NGC 3292 - 


~.. 
ee 
— 


a 


. 
*. ® Regulus 
. o 
. > 
oe. 9?9,.,9 
> o s o 


c li : 

zapella e 

e? eee” E 
toep * » 

toe ee © ê e* ,(U Procyon 
9 ,** feo ,.* 


Nhe aC Vete S3 LL" 


r E 
B * d e EJ 
Altair è o onp es” ee o 
m Vert n e. A 


® : tia? ba ti 


. Sun 


. 90- * os e? 
Tau Cei * oer UC LES 


a > "o. 


Epsilon Eridani 


61 Cygni A 


® Sirius B 
@ 40 Eridani 8 


e (9 Procyon B 


($ Van Maanen's Star 


O5 BO B5 AO AS © FS 
40.0 28.0 95 80 70 63 


SPECTRAL CLASS 
Surface Temperature (x 1000 degrees C) 


rad 
QUAD eae 
Alpha E d "2 
PUTA 7 
Yr 7 
* 


oe OMS ee, ANC E 
^. "ed so 
"95S. 


LUMINOSITY (sun - 1) 


Absolute Magnitude 





Determining Stellar Radi 


At stellar distances, virtually all stars are unresolved, even with the 
Hubble Space Telescope. There are only a few methods that can 
(theoretically) produce measurements of stellar radii: 


e Lunar occultations (for angular diameters) 

* Objects must be bright and within 5° of the ecliptic plane 
¢ Interferometry (angular diameters) 

* Objects must be bright 

* Best in the IR, where the atmosphere is better behaved 
* Baade-Wesselink (for pulsating stars) 


e Eclipsing binary stars 


Lunar Occultations 


The Moon orbits the Earth in ~ 29.5 days, i.e., at a rate of ~ 0.5 /sec. 
At ~ 10 pc, the angular diameter of the Sun 1s ~ 0.001 arcsec, which 
translates into an occultation timescale of a few millisec. 


Stars must be bright and 
within 5° of the ecliptic 
plane. 


Table 7.3 Some angular diameters measured from lunar occultations 
according to Ridgeway, Wells and Joyce (1977) 
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1. Considering the limb darkening of the disk. 

2. Number in the Bright Star catalogue, Hoffkeit and Jaschek (1982) 
3. From the Bright Star catalogue 

4, Assummg BC = 2.0, 





Amplitude or Intensity Interferometry 


Combines the light from two 
slits (or telescopes) whose 
separation can be adjusted; 
object size can be derived by 
observing the fringes as a 
function of image separation, or 
comparing the “noise” as the 
separation of the detectors 
increases. 


Once again, the objects must be 
bright and large (supergiants) 
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Once again, the objects must be 
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Binary Stars 


* The most direct measurements of stellar radii (and stellar masses) 
come from the analysis of binary stars. 

* Perhaps ~ 85% of all stars in the Milky Way are part of multiple 
systems (binaries, triplets or more) 

* The periods (separations) of these binaries span the entire range 
of possibilities, from contact binaries to separations of ~ 0.1 pc. 
The distribution of separations appears roughly flat in log-space. 
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Binary Stars 
* The most direct measurements of stellar radii (and stellar masses) 
come from the analysis of binary stars. 


* Perhaps ~ 85% of all stars in the Milky Way are part of multiple 
systems (binaries, triplets or more) 


* The periods (separations) of these binaries span the entire range 
of possibilities, from contact binaries to separations of ~ 0.1 pc. 
The distribution of separations appears roughly flat in log-space. 


* The motions of binary stars are controlled by Kepler’s laws 
* Orbits are ellipses with a star at a focus 
* Orbits sweep out equal areas in equal times 
(Mj; + M)P*-a 

* The separations and motions of the two stars 

in the center-of-mass frame is given by 





Binary Stars 


There are several types of binaries: 


e Visual 
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Binary Stars 


There are several types of binaries: 


e Visual 


e Spectrum 
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Binary Stars 


There are several types of binaries: 


e Visual 
e Spectrum 


* Astrometric 
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Binary Stars 
There are several types of binaries: 
e Visual 


e Spectrum 


* Astrometric 
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Binary Stars 


There are several types of binaries: 


e Visual 


* Spectrum == 
* Astrometric : dii PPS. 

e Spectroscopic | „| V809 Cyg 
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Binary Stars 

There are several types of binaries: 

* Visual 

e Spectrum 

* Astrometric 

e Spectroscopic 

* Eclipsing 

* Reflection 
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Eclipsing Binaries 


If a binary system 1s eclipsing, then we have a good estimate of its 
inclination. [f r 1s the separation of the two stars, then, for at least a 
partial eclipse 


KR, +k, 


r 





cos i < 





R - R, 








For a total eclipse to happen cos i < 


If r » R, +R, then i ~ 90°. Also, the larger the separation, the rarer 
the phenomenon. Many eclipsing binaries have short periods. 


If the separation becomes too 
small, the stars can become 
tidally distorted and/or interact 


Detached: the stars are separate 
and do not affect one another. 


(a) Detached benary Lagrange point 


Semi-detached: one star 1s spilling 
mass (i.e., accreting) onto the other 


Mass-translor stream 


(b) Semidetached binary 


Contact: two stars are present 
inside a common envelope (i.e., it 
Is a common-envelope binary). 





Partial and Total Eclipses 


The shape of the light curve during eclipse defines whether the 
eclipse is total or partial. 
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Partial and Total Eclipses 


In practice, other effects, such as star-spots, tidal distortions, limb- 
darkening, and hot spots may also effect the shape of the light curve. 
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Depth of Eclipse 


From symmetry the area blocked during the primary eclipse is 
exactly the same as that of the second eclipse. Consequently, when 
calculating the amount of light that is eclipsed, L = 4 a R* o T", the 
radius doesn’t matter — only the temperature counts. 


Eclipsing Binary Stars 
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Total Eclipses 


Let F = 1 be the relative flux from a system out of eclipse, F; the 
relative flux during total eclipse, and F, the flux during the annular 
eclipse. If we designate Star 1 to be the larger star, and Star 2 the 
smaller star, then 


During the total eclipse 
°F, =F, and PF,—-F-F; 


During the annular eclipse 
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Therefore, the ratio of the stellar radii is simply 
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Total Eclipses 
For systems, with 7 = 90°, the eclipse 
begins when 
sing, - A *& o 


ü 
and becomes full when 
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In the more general case (i # 90°), the 
eclipse beings when the projected 
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Solving Eclipsing Binaries 


Note that for total eclipses, the relative sizes of the stars and the 
orbit, along with the inclination of the system, can be computed 
without any information other than the light curve: 


* Depth of total eclipse: F} = 1 — F; 
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* The ratio of the stellar sizes: Ky = 
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R +R 
* The angle of egress: sin“ 6, cos 0, cos’ i = [8A 
a 


R -R 
* The angle of ingress: — sin 8, + cos’ O,cos i = R) 
a 


If you work with the quantities, R,/R,, R,/a, i, and F/F, there are 4 
equations and 4 unknowns. 


Eclipsing Spectroscopic Binaries 


If a system is both an eclipsing and spectroscopic binary, then 
everything can be measured for the system: 


* From the eclipse, you can measure R,/R,, R,/a, i, and F/F 


e From the velocities, you can obtain absolute size. For 
example, if we assume i ~ 90° and a circular orbit, then 
measuring individual stellar radii is simple. 
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Obtaining Stellar Masses 


There are basically 3 techniques that can be used to measure 
stellar masses 


* Analysis of stellar absorption lines (pressure broadening, 
etc.) One measures (log) g=GM/R’*=4210GMT"/L 


* Asteroseismology of non-radial pulsators 


* Binary Stars 
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Visual Binaries 


A perfect mass estimate of both stars 1s possible 1f: 


Both stars are visible 


Their angular velocity 1s sufficiently high to allow a 
reasonable fraction of the orbit to be mapped 


The distance to the system 1s known (e.g., via parallax) 
The orbital plane 1s perpendicular to the line of sight 


orbit of higher 


mass star 





Periods of Visual Binaries 


Note that for a solar-type visual binary at 10 pc, ana = 1” separation 
corresponds to a physical separation of 10 A.U. and a period of 33 


years. More generally, for a distance d, P « d?^ a”. So the periods 
can be very long. 
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Visual Binaries 


One difficulty with visual binaries is that, in general, you don’t 
know the orbital inclination. (Is the orbit elliptical or an inclined 
circle?) There is the true ellipse and an apparent ellipse, but the 
focus of the true ellipse is not the focus of the apparent ellipse. 





For visual binaries, you measure a cos i 





Masses from Visual Binaries 


2a COS 1 


Focus of observed ellipse 


Plane of the sky 





Projected focus 





Plane of the true orbit 


The projection distorts the ellipse: the center of mass is not at the 
observed focus and the observed eccentricity is not the true 
eccentricity. Only with long-term, precise observations can you 
determine the true orbit. 


Masses from Visual Binaries 


The observed angular separation of a binary at a distance R will be 
a =Ra, cos i. Relative masses will be unaffected by inclination 
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The masses derived from visual binaries will depend on distance, 
and cos? i. 


Spectroscopic Binaries 


Orbits in the plane of the sky (i = 0°) show no radial velocity. In 
general, v... = Vie SIN i. 


Highly Eccentric Orbit: 16 Cyg B 
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Separations of Spectroscopic Binaries 


For a solar-type star at ~ 10 pc, a ~ | year period corresponds to a 
separation of 0.1”, and a 1 km/s velocity corresponds to ~ 5 A.U. 
Most spectroscopic binaries are therefore unresolved. 
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ORBITAL PHASE 


The Mass Function 


From Kepler’s 3 law, one can obtain a relation between the semi- 
amplitude of the velocity (K,), the period, and the ratio of the masses, 
if the inclination of the system 1s known. 


M: a PK(-8) ı 
(M,+M,) kP (2x) sin?i kP 


3. 3. 3 a ena 
M; sin’ i PK; (1-e") 
Ar eM a 
(M, + M,) 7 

For single-line spectroscopy binaries, it is impossible to determine 
individual masses, mass ratios, or even total mass. If both stars are 
seen, then the ratio of the masses can be found. But note: the results 
depend on sin? i. Thus, to determine precise masses, one needs the 
system to be eclipsing. 


Radial Velocity Curves for Spectroscopic Binaries 


Depending on the eccentricity, the radial velocity curve of a binary 
can have many shapes; the closer to sinusoidal, the closer e = 0°. 
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The HR Diagram with Iso-Radius Lines 
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Stellar Masses and the Main Sequence 


Measurements of main-sequence stars demonstrate that there is a 
mass-luminosity relationship, 1.e., L x M^. For M > 1M, n ~3.88, 
while at lower masses, the relation flattens out. A good rule-of- 
thumb is L x M^, with n ~ 3.5. 


Mass - Luminosity Relation 
Main Sequence Stars 





Main Sequence Mass-Radius Relation 





There is also a mass-radius relation for main-sequence stars. When 
parameterized via a power law, R x MS, & ~ 0.57 for M > 1 Mọ, and 


Stellar Masses for White Dwarfs 


DB/DBA stars 
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The masses of white dwarf stars There 1s also an inverse mass- 

are all less than 1.4 Mẹ. Most radius relation for white dwarfs. 

are ~ 0.59 Mo. The simple theory says M « R®, 
with a = -1/3. 


Star Clusters 


Finally, we know from the main-sequence “turn-off” of star clusters 
that high-mass stars evolve more quickly than low-mass stars. This 
is easily seen from simple energy production arguments: 
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